The phylogenetic placement of the rumen bacterium Fibrobacter succinogenes was determined using a signature sequence approach that allows determination of the relative branching order of the major divisions among Bacteria [Gupta, R. S. (2000) FEMS Microbiol Rev 24, 367-402]. For this purpose, segments of the Hsp60 (groEL), Hsp70 (dnaK), CTP synthase and alanyl-tRNA synthetase genes, which are known to contain signature sequences that are useful for phylogenetic deterministic purposes, were cloned. Using degenerate oligonucleotide primers for highly conserved regions in these proteins, 14 kb, 075 kb, 401 bp and 171 bp fragments of the Hsp70, Hsp60, CTP synthase and alanyl-tRNA synthetase genes respectively were amplified by PCR, and these fragments were cloned and sequenced. These primers, because of their high degree of conservation, could also be used for cloning these genes from other bacterial species. The Hsp70 homologues from different Gram-negative bacteria contain a 21-23 aa insert that is not found in any Gram-positive bacteria. The presence of this insert in the F. succinogenes Hsp70 supports its placement within the Gram-negative group of bacteria. A conserved insert in F. succinogenes Hsp60 that is commonly present in all bacterial species, except various Gram-positive bacteria, Deinococcus-Thermus groups and green nonsulphur bacteria, provides evidence that F. succinogenes does not belong to these taxa. A particularly useful signature consisting of a 4 aa insert is found in Ala-tRNA synthetase. This insert is present in all proteobacterial homologues as well as in homologues from species belonging to the Chlamydia and Cytophaga-Flavobacterium-Bacteroides (CFB) groups, but it is not found in homologues from any other groups of bacteria. The presence of this insert in F. succinogenes Ala-tRNA synthetase provides evidence that this species is related to these groups. However, two other signatures in CTP synthase and Hsp70 proteins, that are distinctive of the proteobacterial species, are not present in the F. succinogenes homologues. These results provide evidence that F. succinogenes does not belong to the proteobacterial division and thus should be placed in a similar position as the Chlamydia and CFB groups of species.
INTRODUCTION
The rumen bacterium Fibrobacter succinogenes contains a number of cellulolytic and hemicellulolytic enzymes which are responsible for the digestion of the cell walls of forage plants in the bovine rumen (Cheng et al., 1991 ; Gokarn et al., 1997) . Because of the established role of F. succinogenes as one of the major indigenous fibrolytic micro-organisms in ruminants, there is much interest in this species from the viewpoints of farm production efficiency, alternative waste management, and its evolutionary relationship to other bacteria (Asanuma et al., 1999 ; Cheng et al., 1991 ; Debroas & Blanchart, 1993 ; Fields et al., 2000 ; Garcia-Vallve et al., 2000 ; Huang & Forsberg, 1990 ; Shi et al., 1997 ; Wang et al., 2000 ; Weimer et al., 1999) .
Based on its physiological characteristics, F. succinogenes, originally known as Bacteroides succinogenes, was previously considered to be a member of the Cytophaga-Flavobacterium-Bacteroides (CFB) division (Hungate, 1950) . However, subsequent studies based on 16S rRNA indicated that this and other related strains were not closely related to other species of Bacteroides, leading to their placement in a separate genus named Fibrobacter (Montgomery et al., 1988) . A recent taxonomic classification based on 16S rRNA places Fibrobacter in a separate division, distinct from the CFB group, originating from the common bacterial ancestor (Amann et al., 1992 ; Maidak et al., 1999 ; Ludwig & Schleifer, 1999 ; Zinder, 1998) . Our current understanding of the evolutionary relationships among prokaryotes is based almost entirely on 16S rRNA sequences (Hugenholtz et al., 1998 ; Maidak et al., 1999 ; Olsen & Woese, 1993 ; Woese, 1987) . Although, the phylogenetic trees based on 16S rRNA have proven extremely useful in the placement of species into different groups, one of their main recognized limitations has been their inability to resolve the relationships among the major divisions within bacteria or to deduce how these groups branched from a common ancestor (Maidak et al., 1999 ; Ludwig & Schleifer, 1999 ; Gupta, 1998a Gupta, , 2000c . Recently, we have described a new approach based on the presence of shared conserved indels (or signature sequences) in different proteins for deducing the phylogenetic relationships among different bacterial groups, that complements this major deficiency of the rRNA trees (Gupta, 1998a (Gupta, , 2000a . By following the presence or absence of signature sequences in a number of different proteins in various divisions of bacteria, it is now possible to deduce logically how the major taxa within the Bacteria have branched from a common ancestor. The branching order for various divisions as determined from these studies is as follows : low-GjC Gram-positives highGjC Gram-positives Deinococcus-Thermus green non-sulphur bacteria cyanobacteria spirochaetes Chlamydia-CFB group δ,ε-Proteobacteria
teria (Gupta, 1998a (Gupta, , 2000a .
The identified signature sequences in various proteins are also useful for deterministic purposes and based upon the presence or absence of these signatures, it is now possible to place with a high degree of confidence any given bacterial species within one of the main groups that could thus far be distinguished (Gupta, 1998a (Gupta, , 2000a . In the present study, we have used the signature sequence approach to understand the phylogenetic placement of F. succinogenes within the domain Bacteria. For this purpose, we have amplified by PCR and sequenced segments of the Hsp60 (groEL), Hsp70 (dnaK) , CTP synthase and alanyl-tRNA (Ala-tRNA) synthetase genes from F. succinogenes, which are known to contain useful signature sequences that are distinctive for different bacterial divisions (Gupta, 1998a (Gupta, , 2000a . The analyses of these signature sequences provide strong evidence that F. succinogenes shows a specific relationship to the Chlamydia and CFB groups of species. These signature sequences also provide evidence that this group of bacteria evolved after the branching of Grampositive bacteria, Deinococcus-Thermus groups, green non-sulphur bacteria, cyanobacteria and spirochaetes, but prior to the branching of Proteobacteria (Gupta, 1998a (Gupta, , 2000a .
METHODS
PCR amplification and sequencing. Purified DNA of F. succinogenes S85 (type strain ; ATCC 19169) was generously made available to us by Dr C. Forsberg (Guelph University, Ontario, Canada) and Dr J. Yanke (Agriculture Canada Research Centre, Lethbridge, Alberta). Degenerate oligonucleotide primers, in opposite orientations, were designed for highly conserved regions in the indicated proteins that flanked the previously identified signature sequences. The regions of high sequence similarity suitable for primer design were identified by carrying out multiple sequence alignments of homologues for these proteins from different species. These PCR primers, because they correspond to highly conserved regions, can be used to amplify homologous gene fragments from different species. All primers were synthesized at MOBIX (The Central Facility of the Institute for Molecular Biology and Biotechnology, McMaster University).
Hsp70 gene. The PCR amplification of the Hsp70 gene fragment was carried out in two segments. Initially, a fragment of 1080 bp was amplified using degenerate primers for two highly conserved regions in the Hsp70 protein (Galley et al., 1992) . The forward primer was for the amino acid sequence GIDLGTT (nucleotide sequence 5h-GGNATHGAYYTNGG-NACNAC-3h) and the reverse primer for the sequence NPDEAVA (nucleotide sequence, 5h-GCNACNGCYTCRT-CNGGRTT-3h, where R represents A or G ; Y represents C or T ; H represents T, A, or C ; and N represents A, G, C, or T). After this fragment was cloned and sequenced, the sequence was extended in the direction of the 3h-end by designing a specific forward primer near the 3h-end of the sequence (5h-AGGAACCGAACAAGACTG-3h) and a degenerate primer in the reverse orientation for the conserved sequence QIEVTFD towards the C-terminal end of the protein (nucleotide sequence 5h-TCRAANGTNACYTCDATYTG-3h) (Galley et al., 1992) . This led to the amplification of a 361 bp fragment whose sequence was combined with the original Hsp70 fragment to obtain a contiguous sequence of 1400 bp. The nucleotide and corresponding protein sequence were deposited in GenBank under the accession number AY017382. Phylogenetic placement of Fibrobacter succinogenes was carried out using a degenerate forward primer for the amino acid sequence GPKGRN (5h-GGNCCNAARGGN-A(C)GNAAYGT-3h) and a degenerate reverse primer for the sequence AVKAPGFGE (5h-TCNCCRAANCCNGGNGCY-TTNACNGC-3h) (Rusanganwa et al., 1992 . The DNA fragments of the expected size were purified from 0n8% (w\v) agarose gels (using a GENECLEAN kit), and subcloned into the plasmid pCR TOPO 2.1 using a TA cloning kit (Invitrogen). After transformation of Escherichia coli JM109 cells with the plasmids, the inserts from a number of positive clones were sequenced. The fragments of less than 0n6 kb in length were sequenced by the dideoxy chain termination method using a T7 sequencing kit (Pharmacia). The larger fragments were sequenced by MOBIX. Sequences of all cloned fragments were run through a  search to ensure the DNA was from a novel source.
Signature sequence analysis. The nucleotide sequences for the four F. succinogenes genes were translated and added to multiple alignments of homologous proteins (sequences from various known bacteria acquired from  searches, www.ncbi.nlm.nih.gov). Alignments were carried out with either  or   software.
RESULTS

Signature sequences and their usefulness in deducing evolutionary relationships
Signature sequences in proteins, defined as conserved inserts or deletions (i.e. indels) that are restricted to specific taxa provide a powerful means to deduce the evolutionary relationship among distantly related organisms (Gupta, 1998a, b) . In phylogenetic trees based on most gene sequences, including that of the 16S rRNA, evolutionary relationships between the major taxa within each domain are generally not resolved ; this has been recognized as a major weakness or limitation of the tree construction approach (Olsen & Woese, 1993 ; Ludwig & Schleifer, 1999 ; Gupta, 2000c) . The inability of the phylogenetic trees to resolve such relationships is in large part due to the dependence of the derived inference upon a number of different variables and assumptions (e.g. reliability of the sequence alignment, regions of sequences that are retained or excluded in phylogenetic analysis, number and range of species included, differences in the evolutionary rates, base compositional differences, phylogenetic methods employed, etc.) (Gupta, 1998b) . Hence, there is a clear need for alternative approaches that are minimally affected by the above variables and assumptions, and which are capable of resolving such relationships. The presence of shared signature sequences in proteins provides such an approach. The use of the signature sequence approach for understanding the evolutionary relationship is based on the rationale that when a conserved indel of defined length and sequence, and flanked by conserved regions to ensure that the observed changes are not due to incorrect alignment or sequencing errors, is found at the same position in homologues from different species, then the simplest and most parsimonious explanation for this observation is that the indel was introduced only once during the course of evolution and then passed on to all descendants. A well-defined indel in a gene or protein thus provides a very useful milestone for evolutionary events, since all species emerging from the ancestral cell in which the indel was first introduced are expected to contain the indel, whereas all species that existed before this event or which did not evolve from this ancestor will lack the indel (Gupta, 1998a, c) . To interpret whether a given indel in a particular protein is the result of an insertion or deletion event, and its possible implications regarding the relative branching order of different groups, a reference point is essential. Such a reference point is provided by the root of the prokaryotic tree. Several lines of evidence show that the root of the prokaryotic tree lies between the Archaea and Grampositive bacteria (Iwabe et al., 1989 ; Brown & Doolittle, 1995 ; Gupta, 1998a Gupta, , b, 2000b , both of which are prokaryotic organisms bounded by a single membrane. Based on this rooting, the signature sequences in various proteins can be clearly interpreted and the branching order of different groups from the common ancestor can be logically deduced as described in earlier work (Gupta, 1998a (Gupta, , 2000a .
Deducing the phylogenetic placement of F. succinogenes
To employ the signature sequence approach for determining the phylogenetic placement of any given species, one begins by successively examining the signature sequences in different proteins that exclude the placement of the species in certain groups and at the same time show specific affinity of the species, or narrow down its placement, in certain other group(s) (Gupta, 1998a) . One prominent signature consists of an indel of 21-23 aa, present in the N-terminal quadrant of Hsp70 protein, which distinguishes all true Gram-negative bacteria (defined by the presence of an inner and an outer membrane) from Gram-positive bacteria (Gupta, 1998a (Gupta, , 2000a negative bacteria rather than a deletion in the Grampositive bacteria Gupta & Golding, 1993 ; Gupta, 1998a) , indicating the ancestral nature of the Gram-positive group. Hsp70 is a highly conserved protein, which carries out an essential chaperone function in the cell (Lindquist & Craig, 1988 Homologues of Hsp70 are present in all bacterial genomes sequenced to date, including those from the mycoplasmas, which contain a minimal gene complement (Fraser et al., 1995) . To examine the presence of this signature sequence in F. succinogenes, a 1n4 kb fragment of the Hsp70 gene was amplified by PCR. Sequencing of this fragment revealed that F. succinogenes Hsp70 contained the 21 aa insert (Fig. 1) , thus providing evidence that it belonged to the Gramnegative group of prokaryotes. The placement of F. succinogenes within the Gram-negative bacteria based on this signature is also in accordance with the observations that this species shows a negative Gram-staining reaction and possesses an outer membrane characteristic of Gram-negative bacteria (Holdeman et al., 1984) .
Within Gram-negative bacteria two of the deepest branching divisions, Deinococcus-Thermus and green non-sulphur bacteria, can be distinguished from the others based on a signature present in the Hsp60 (GroEL) protein (Gupta, 1998a) . This signature consists of a 1 aa insert that is commonly shared by species from various other groups of Gram-negative bacteria, including different groups of Proteobacteria, the Chlamydia and CFB groups, spirochaetes and cyanobacteria, but is not present in green non-sulphur bacteria and Deinococcus-Thermus (Gupta, 1998a) . This insert, as expected, is also not found in any Gram-positive bacteria. Similar to Hsp70 protein, the Hsp60 protein is also a highly conserved protein found in all bacteria (Gupta, 1995) , and the indicated signature is highly 
Fig. 4.
A signature sequence consisting of a 10 aa insert in CTP synthase which is distinctive of the proteobacterial species. The absence of this insert in F. succinogenes provides evidence that it does not belong to the proteobacterial group.
reliable, with no exceptions observed in more than 200 sequences available from different bacterial species (Gupta, 2000a ; unpublished results) . To examine the presence of this signature in F. succinogenes, a 756 bp fragment of the Hsp60 gene was amplified by PCR using degenerate primers based on highly conserved regions in the Hsp60 protein. The sequence alignment of a portion of this region from F. succinogenes with other bacterial species is presented in Fig. 2 . As seen, the Hsp60 from F. succinogenes contains the indicated signature, providing evidence that this species does not belong to the green non-sulphur bacteria or the Deinococcus-Thermus groups.
We next examined the presence in F. succinogenes of a signature sequence found in the Ala-tRNA synthetase gene. The signature in this protein consists of a 4 aa insert that is uniquely found only in the homologues from various Proteobacteria and the Chlamydia and CFB groups of species (Gupta, 2000a) . Ala-tRNA synthetase, which carries out an essential role in protein synthesis, is also found in all completed prokaryotic genomes (Gupta, 2000a) . Using degenerate primers for highly conserved regions in this protein which flank this sequence signature, we successfully amplified a 171 bp fragment that corresponded to the Ala-tRNA synthetase gene. The alignment of the translated sequence with other species shows that this insert is present in the AlatRNA synthetase from F. succinogenes (Fig. 3) . In view of the specificity of this sequence signature, the presence of this insert in F. succinogenes provides strong evidence that this species belongs to one of these two groups of bacteria.
A number of signatures have been identified in proteins that are specific for the proteobacterial division and serve to distinguish members of this group from other divisions of bacteria. The protein CTP synthase contains a 10 aa insert that is uniquely shared by all proteobacterial species, but is not found in the Chlamydia and CFB groups, or other divisions of bacteria (Gupta, 2000a) . Using degenerate primers for highly conserved regions in CTP synthase, we were able to amplify a 401 bp fragment for the CTP synthase gene from F. succinogenes which contained this sequence region. The alignment of the translated sequence from F. succinogenes with other bacterial species is presented in Fig. 4 . From the alignment it is clear that the 10 aa insert common to proteobacterial species is not present in Fibrobacter. In addition to CTP synthase, Hsp70 also Phylogenetic placement of Fibrobacter succinogenes contains a 2 aa insert within the large insert that is distinctive of the proteobacterial species (box 2 in Fig.  1 ). This 2 aa insert is not found in the F. succinogenes Hsp70 either, providing further evidence that Fibrobacter does not belong to the proteobacterial group. The Hsp70 protein contains yet another signature consisting of a 4 aa insert that is specific only for the β and γ-subdivisions of Proteobacteria (Fig. 5) (Gupta, 2000a) . As expected, the Hsp70 homologue from F. succinogenes does not contain this insert, providing additional evidence that Fibrobacter does not belong to these groups of Proteobacteria. Based on the signature sequences in different proteins, it is thus clear that Fibrobacter is specifically related to the Chlamydia and CFB groups of species.
DISCUSSION
In the past 15-20 years, phylogenetic analyses based on 16S rRNA sequences have become the primary means for understanding the evolutionary relationships among prokaryotes. Based on the branching positions of species in the rRNA trees, a number of major groups or divisions among bacteria have been identified (Woese, 1987 ; Olsen & Woese, 1993 ; Ludwig & Schleifer, 1999) . The analysis based on 16S rRNA sequences has proven invaluable and generally quite successful in the assignment of various bacterial species into one of these groups (Maidak et al., 1999) . However, one major limitation of the phylogenetic trees based on 16S rRNA (or those based on different protein sequences) is that they are unable to resolve reliably the branching orders of higher taxa or main groups within bacteria (Gupta, 1998a ; Ludwig & Schleifer, 1999 ; Olsen & Woese, 1993) . Due to this limitation, a number of important issues that are central to understanding bacterial phylogeny still remain unresolved. Such questions include : (i) how the major divisions within the Bacteria are related to each other, and (ii) in what order these groups branched off from the common ancestor (Gupta, 2000b, c) . The inability of the rRNA trees (or those of various proteins) to resolve these relationships has led to growing acceptance of the notion that these problems are basically unsolvable and that all of the main groups within the Bacteria probably branched off directly from the common ancestor (Doolittle, 1999 ; Ludwig & Schleifer, 1999 ; Woese, 1998) .
In this context, the signature sequence approach developed in our recent work provides a new and powerful method for examining the evolutionary relationships among the species (Gupta, 1998a (Gupta, , 2000a . In contrast to the phylogenetic trees, where the derived inference is based upon a large number of variables (e.g. reliability of the alignment, regions of sequences that are retained or excluded, number and range of species included, differences in evolutionary rates, base compositional differences, phylogenetic methods employed, etc.) which contributes to the uncertainties of the end results (Gupta, 1998a) , the evolutionary inference in this new approach is based entirely on the presence or absence of highly conserved sequence features. These sequence characteristics comprise indels of defined lengths present in highly conserved parts of the molecules, which makes interpretation of the data generally quite simple, unambiguous and based on minimal assumptions (Gupta, 1998a) . Based upon a large number of conserved indels in various proteins that have been introduced at various stages in evolution, it is now possible to clearly define most of the major groups within the Bacteria and to discern logically their branching order from the common ancestor (Gupta, 1998a (Gupta, , 2000a . These signatures also permit the placement of any bacterial species into one of these groups based on the presence or absence of specific signatures in different proteins (Gupta et al., 1999 ; Gupta, 2000a) .
In the present work, the signature sequence approach was used to determine the phylogenetic placement of Fibrobacter succinogenes within the domain Bacteria.
Results presented here show that F. succinogenes is most closely related to the Chlamydia and CFB groups of species. A summary of the signature sequences that were used to derive this inference is presented in Fig. 6 . The presence of the large 21 aa insert in F. succinogenes Hsp70, which is distinctive of all Gram-negative bacteria and not found in any Gram-positive bacteria, places Fibrobacter in the Gram-negative group. This indel has previously been shown to be due to an insertion in the common ancestor of Gram-negative bacteria, rather than a deletion in the Gram-positive group. This makes the Gram-positive bacteria an ancestral lineage and it provides a reference point for interpreting other signature sequences. The placement of Fibrobacter in the Gram-negative group is also supported by the signature in the Hsp60 protein, which additionally also excludes Fibrobacter from the Deinococcus-Thermus group and the green non-sulphur bacteria, which are two of the earliest branching divisions among Gram-negative bacteria (Gupta, 1998a) . A key signature for the phylogenetic placement of F. succinogenes is found in the protein Ala-tRNA synthetase. A 4 aa insert present in this protein is found only in Proteobacteria and in the Chlamydia and CFB groups of species (Gupta, 2000a) . Since this insert is also present in the F. succinogenes homologue, it provides strong evidence that F. succinogenes is related to one of these taxa. The presence of this insert also excludes F. succinogenes from the earlier branching spirochaetes and the cyanobacterial divisions. The distinction whether F. succinogenes belongs to the proteobacterial group or to the Chlamydia-CFB group is made on the basis of two signature sequences in CTP synthase and Hsp70 proteins that are distinctive of the proteobacterial species. The absence of these signatures in the F. succinogenes homologues provides evidence that this species does not belong to the proteobacterial group and places it in a similar position as the Chlamydia-CFB group. The arrows indicate the stages where the signature sequences in different proteins examined in the present work were introduced. All groups underneath the arrows share the indicated indels and no exceptions to these were observed. The other signatures used to deduce the branching orders of various groups have been described previously (Gupta, 1998a (Gupta, , 2000a and are not shown here. Monoderms (cell types bounded by a single membrane) are shown to be ancestral to the diderms (bounded by two different membranes) (Gupta, 1998a (Gupta, , 2000a . Based on different signatures, F. succinogenes is indicated to have evolved after the branching of spirochaetes and other groups preceding it, but before the branching of different divisions of Proteobacteria.
very helpful. However, a specific relationship of F. succinogenes to the Chlamydia-CFB group, which includes the Bacteroides family, is supported by the fact that, in a similar manner to F. succinogenes, many other members of this group are able to digest and grow on complex substrates such as cellulose, chitin and agar (Hungate, 1950 ; Paster et al., 1994 ; Reichenbach, 1992 ; Shah, 1992 ; Weisburg et al., 1985 ; Woese, 1987) . F. succinogenes, originally known as Bacteroides succinogenes, was first placed in the Bacteroidaceae family (Holdeman et al., 1984) . Subsequent phylogenetic studies based on 16S rRNA indicated that F. succinogenes was less closely related to other species of Bacteroides, including the type species Bacteroides fragilis as compared to species belonging to other families such as Flavobacterium heparinum (Amann et al., 1992 ; Montgomery et al., 1988) . Although, based on these observations, F. succinogenes was transferred to the new genus Fibrobacter, these studies still indicate that in comparison to the other divisions within the Bacteria, members of the CFB group are the closest relatives of Fibrobacter. The relative branching order of different species within the Chlamydia-CFBFibrobacter group is presently unclear. It is expected that as additional signature sequences that enable further distinction between this group of species are identified, the relationship between members of this diverse group will become clearer.
Lastly, it should be emphasized that the use of signature sequences for the phylogenetic placement of species into different groups, or to understand the relative branching orders of these groups, is not contradictory to the phylogenetic analysis based on 16S rRNA, but it complements such analyses in important respects. In our earlier work, where placement of a large number of bacterial species into different groups was carried out using the signature sequence approach, a nearly perfect correlation was observed with the assignment based on the 16S rRNA trees (Gupta, 1998a (Gupta, , 2000a . However, the main advantage of the signature approach lies in the fact that it allows deduction of the branching orders of the main bacterial taxa, which thus far cannot be reliably determined based on the rRNA or other gene\protein phylogenies. The signature sequences in various proteins also permit a more precise molecular definition of different bacterial groups (or means to distinguish between them) than has hitherto been possible based on the phylogenetic trees. In these regards the signature sequence approach complements the major deficiencies of the rRNA trees in clarifying\ understanding the genealogy of the Bacteria. It should however be mentioned that although the signature sequences are able to make clear distinction between different groups, they do not provide detailed information regarding the interrelationship of various species within a given group. Such information is contained in
